expressed on endothelial cells on days 1 and 2 and in the border zone on infiltrating leukocytes from day 3 to day 7. Starting on day 7, macrophages infiltrated the core of the lesion to remove debris. When the entire lesion was cov ered by macrophages at day 14, the number of T cells had decreased and ICAM-l immunoreactivity was no longer found in or around the infarct. In conclusion, our study shows that ischemic lesions can lead to a local immune reaction in the CNS. Thus, blocking of lymphocyte derived cytokines or cell adhesion molecules may provide a new approach to confining the sequelae of stroke. Key Words: Focal ischemia-Intercellular adhesion molecule I-Macrophages-Photothrombosis-T cells. recruitment of leukocytes from the blood to the ner vous system depends on complex leukocyte endothelial cell recognition processes via special ized adhesion receptors (reviewed by Butcher, 1991) . One of the best-characterized pathways is the interaction of the CD 18 complex that is consti tutively expressed on leukocytes with intercellular adhesion molecule-l (ICAM-I) as its receptor (re viewed by Springer, 1990) . ICAM-l can be induced on a variety of immune and nonimmune cells such as endothelial cells upon stimulation with cytokines such as interferon--y (IFN'Y), interleukin-l (IL l), and tumor necrosis factor-a (TNF-a) (Dustin et aI. , 1986; Pober et aI. , 1986) . The pathogenic relevance of this adhesion step was demonstrated in experi mental myocardial ischemia, where treatment with anti CD 18 antibodies had a protective effect (Ma et aI., 1991) . In ischemia of the spinal cord and cere bral cortex this immune therapy led to conflicting results (Clark et aI. , 199 1a,b; Takeshima et aI. , 1992) . Upregulation of ICAM-l on microvessels has been demonstrated early in cerebral ischemia of the baboon (Okada et aI. , 1994) and in two human au-topsy cases with recent cerebral infarcts (Sobel et aI., 1990) .
Major histocompatibility complex (MHC) class I and II antigens are essential for the interaction be tween T cells and macrophages in the induction phase of an immune response. T cell activation can not be induced by free antigen, but only by antigen presented by an accessory cell, usually a macro phage, that displays the class II of the MHC (re viewed by Unanue and Allen, 1987) . Upregulation of MHC antigens in tissue is one indicator for im mune activation in this area.
For the study of pathomechanisms in stroke sev eral animal models exist that more or less reflect the human situation as discussed recently by Kochanek and Hallenbeck (1992) . Surgical occlusion of major arteries is widely used. However, it can be criti cized that this model circumvents the participation of platelet aggregation as the primary initiator of the ischemic event. As a different approach, in 1985 Watson and colleagues introduced photochemically induced ischemia in the rat cortex, which is based on photochemically stimulated platelet aggregation with ensuing occlusion of small intracerebral ves sels. With this technique, focal cortical infarcts can be induced that are highly reproducible in location and size (Watson et aI., 1985; Domann et aI. , 1993) .
In this study we addressed the question whether, in photochemically induced ischemia of the rat cor tex, in addition to the well-described infiltration of infarcts with macrophages (Watson et aI. , 1985; Myers et aI. , 199 1) , T cell responses and expression of cell adhesion molecules occur. Infiltrating leuko cytes were identified by immunocytochemistry us ing a pan-T cell marker in combination with a panel of monoclonal antibodies (mab) against lymphocyte surface antigens CD4, CD5, and CD8 and against ED1, a marker for macrophages. Concomitantly, the expression of MHC class I and II antigens and the cell adhesion receptor ICAM-l and its ligand leukocyte function-associated antigen-l (LFA-l; corresponds to CD1 1a/CD18) was studied at acute and chronic stages of lesion development. We pro vide evidence of a strong local immune response in photochemically induced ischemia of the rat cortex.
MATERIALS AND METHODS

Induction of photothrombosis and tissue processing
Focal ischemia was induced in the rat parietal cortex at the same location as in a previous electrophysiological study (Domann et aI., 1993) according to the method of Watson et al. (985) . Male Wistar rats (250-300 g) were anesthetized with halothane and placed in a stereotaxic frame. A catheter was inserted into the left femoral vein, and the scalp incised for exposure of the skull surface.
For illumination, a fiber-optic bundle with a l.5-mm ap erture was placed stereotaxically onto the skull 3.5-4 mm posterior to the bregma and 3.5-4 mm lateral from the midline. The skull was illuminated for 20 min. During the first 2 min of illumination rose bengal (1.3 mg/1 00 g body weight at a concentration of 10 mg/ml in 0.9% NaCl) was infused intravenously. There was a modest rise in the temperature of the brain in the area of illumination (mea sured with digital computer thermometer CT A 1220 and sensor EB01; Ebro). Peak brain temperatures always re mained below 36,SOC in several experiments. Following the illumination period, the vein catheter was removed and the wounds were sutured.
For immunocytochemical studies two strategies had to be used because some monoclonal antibodies (anti-CD5, -CD8, -LFA-1, -ICAM-I) did not work on paraffin embedded material.
To characterize T cell and macrophage responses, one group of animals (at least two rats per time point; see Table 1 ) was perfused with 4% paraformaldehyde in 0.1 M phosphate buffer transcardially in deep anesthesia at 4 ha nd 1,2, 3,6,7,14,30, and 60 days after photothrom bosis. Whole brains were removed, postfixed in 4% para formaldehyde overnight, washed in 0.1 M phosphate buffer, and embedded in paraffin. For immunocytochem ical studies 5-J-lm serial coronal sections were cut through the center. of the lesion and deparaffinized with xylene.
In another set of experiments, brains of rats were re moved in deep anesthesia 4 h and 1, 2, 3, 5, 6, 7, 14, and 60 days after photothrombosis and quickly frozen. Coro nal cryosections 10-20 J-lm thick were cut with a cryostat through the center of the lesions, and frozen sections were fixed with acetone for 10 min at -20°C and air-dried before immunocytochemistry.
Immunocytochemistry
Sections were stained by immunocytochemistry with the avidin-biotin-peroxidase complex technique. After preabsorption with 3% normal goat serum in 0.01 M phos phate-buffered saline (PBS), sections were incubated overnight at 4°C with the following mouse mab (working dilutions in parentheses): mab ED1 (1:1,000; Serotec, Ox ford, UK), a marker for macrophages; a pan-T cell marker [clone 15-6A1, 1:500; Holland Biotechnology (Hbt), Leiden, The Netherlands]; mab against lympho cyte subsets CD4 (helper/inducer T cells; clone 15-8A2, 1: 1, 000; Hbt) and CD8 [suppressor/cytotoxic T cells and natural killer (NK) cells; two mab were used-clone 15-liC5, 1:1,000 (Hbt); and clone Rl-lOB5, 1:1,000 (Seika gaku Kogyo, Tokyo, Japan)]; mab anti-CD5 (pan-T cell marker; clone Rl-3B3, 1:1,000; Seikagaku); mab against rat pan-B-cells (clone RLN-9D3, 1: 1 ,0 00; Seikagaku); mab against rat killer cells and polymorphonuclear gran ulocytes (clone 3.2.3, 1:200; Serotec); mab anti-rat ICAM-1 (clone 1A29) and mab anti-rat LFA-1 (clone WT-1) 0:500; both Medac, Hamburg, Germany); and mab Ox18 against MHC class I and Ox6 against MHC class II antigen (1:1,000; Serotec). All these antibodies gave typ ical staining patterns in cryostat sections of rat spleen. As secondary antibody, affinity-purified biotinylated rat ab sorbed anti-mouse IgG (Vector, Burlingame, CA, U.S.A.) was used. Nonspecific labeling was checked by replacing primary antibodies with mouse monoclonal an tibodies against irrelevant antigens at working dilutions of primary antibodies. No nonspecific labeling in or around the infarcts was observed. 
RESULTS
T cell and macrophage infiltration
The results for T cell and macrophage infiltration are summarized in Table I . Four hours after photo thrombosis, the infarct was clearly visible on con ventional paraffin sections stained with hematoxy lin, while no T cells or macrophages were seen after immunocytochemical staining. In some animals as soon as day 1, in others at day 2, after photothrom bosis, an infiltration by T cells was seen ( of the lesion was spared by infiltrating cells. Begin ning on day 7 and more advanced on day 14, the core of the infarct was infiltrated by numerous mac rophages (Fig. 2D ). The number of T cells was di minished in comparison to that at earlier time points ( Fig. 2C ). Macrophages were regularly seen at the bottom of the lesions 30 and 60 days after photo thrombosis at lower numbers than at day 14 ( Fig.  2F) . A few T cells were present at day 30 ( Fig. 2E ) but had disappeared at day 60.
Analysis of lymphocyte subsets
To analyze lymphocyte subsets further, acetone fixed cryostat sections were labeled with mab against rat B cells, against CDS, recognizing all T cells, against CD4, a marker for T cells of the helper/inducer phenotype, and against CD8, label ing suppressor/cytotoxic T cells and NK cells. With mab against CDS, which stains all T cells, the re sults obtained with the pan-T cell marker used in paraffin sections could be confirmed in the cryostat material. Subtyping of lymphocytes revealed that overall CD4 + helper/inducer T cells and B cells were only rarely present (not shown). CD8 + lym phocytes were abundant from day 3 to day 7 after photothrombosis in a distribution similar to that of CDS + T cells and EDI + macrophages (Fig. 3) . The staining pattern obtained with the two mab against rat CD8 was identical. At all time points examined, CD8 + lymphocytes by far outnumbered CDS + T cells (Fig. 3A-D) . This means that besides CD8 + suppressor/cytotoxic T cells, which all, in addition, express CDS, a large number of CDS -/ CD8 + lymphocytes (probably NK cells) had infil trated the cortex. By day 7 CD8 + cells in conjunc- ,to::
. .
... . \ .
. "---'"'-FIG, 2. T cell (A, C, E) and macrophage (8, 0, F) infiltration at days 6 (A, B), 14 (C, 0), and 30 (E, F) after photothrombosis. A and B, C and 0, and E and F are 5-fLm serial sections, respectively. The number of T cells was still high on day 6 (arrows in A), but decreased thereafter (C, E). Note that the number of macrophages had further increased at day 6 (B), when they still spared the core of the lesion. By day 14 the entire infarct was infiltrated by macrophages (0) that were still present 30 days after photo thrombosis (F). (A-F) Bar = 300 fLm.
tion with macrophages began to infiltrate the core of the lesion. At day 14 their number was much lower, and at day 60 they were only rarely seen in the lesioned cortex. Using mab 3.2.3 directed against a rat NK cell antigen, no labeling of cells was ob served after photothrombosis.
Expression of immune activation markers
Infiltrating leukocytes expressed LF A-I, a ligand for ICAM-1 ( Fig. 3G and H) , as well as MHC class I and II antigens ( Fig. 4A and B ). In addition, en dothelial cells were MHC class I positive. MHC expression had decreased by day 14 and was absent J Cereb Blood Flow Metab, Vol. 15, No.1, 1995 at day 60 in the lesions. In general, there was much more MHC class I than class II expression ( Fig. 4A  and B) .
We asked further if ICAM-l is expressed after photothrombosis. In normal rat brain there was a faint constitutive expression of ICAM-1 on some endothelial cells and strong ICAM-llabeling of the choroid plexus. One and two days after photo thrombosis vessels in the ischemic lesion strongly expressed ICAM-l immunoreactivity (Fig. 4C ). By day 2 in some animals, and by day 3 in all animals, additional ICAM-l staining occurred on the surface of infiltrating leukocytes (Fig. 4D ). ICAM-1 staining II (B) . and ICAM-1 expression (C-G) in photothrombosis. A and B are adjacent sections of the same lesion as shown in Fig. 3 . Note that almost the entire cellular infiltrate expresses MHC class I antigen (mab Ox18, 1 :1,000) (A):while only a proportion of cells is MHC class II positive (mab Ox6, 1 :1,000) (B). C shows an ICAM-1-positive vessel in the infarcted area 1 day after photothrombosis. By day 3 additional ICAM-1 staining appeared on the surface of infiltrating cells (D), which had infiltrated the border zone (E). At day 6 the number of ICAM-1-positive cells had increased further (F). By day 14 no more ICAM-1 labeling was seen in or around the lesion (G) despite the heavy infiltration by macrophages in a 10-f1m serial section (H). (A, B, E-H) Bar = 300 f1m; (C, D) bar = 30 f1m. could be seen in the border zone around the isch emic lesion corresponding to the location of infil trating leukocytes ( Fig. 4E and F) . By days 5 and 6 the intensity of ICAM-l immunoreactivity in this area had increased further, paralleling the growth of the cellular infiltrate (Fig. 4F) . Intense ICAM-l staining was localized on the surface of cells, pre dominantly at the inner border of the infiltrates. At the other edge, in addition, some diffuse tissue staining was seen, probably reflecting soluble ICAM-l that is known to be shed from the surface (Rothlein et aI., 1991) . By day 7 ICAM-l staining became much weaker; at day 14 and later no more ICAM-l immunoreactivity was found, despite the persistent infiltration of the lesions by macrophages ( Fig. 4G and H) .
DISCUSSION
This study shows that photochemically induced focal ischemia of the rat cortex leads to a massive and long-lasting infiltration of T cells, other CD8 + lymphocytes (probably NK cells), and EDI + mac rophages into the border zone between intact and infarcted brain parenchyma. Lymphocyte infiltra tion was the primary event, followed by secondary recruitment of macrophages. Concomitantly, the cell adhesion molecule ICAM-l and its ligand LFA-l were transiently expressed.
The presence of T cells in photochemically in duced ischemia is surprising. This finding is based on immunocytochemical staining with two T-cell markers, one of which has been well characterized in immunological studies (Matsuura et aI. , 1984) . T-cell recruitment into the CNS is usually observed in autoimmune and inflammatory diseases such as experimental autoimmune encephalitis (EAE) (Lassmann et aI. , 1986; Wekerle et aI. , 1986; Stoll et aI. , 1993b) , but not after mechanical lesions. In EAE systemic immunization with myelin proteins creates CD4 + helper/inducer T cells that are anti gen specific and enter the CNS after 10-12 days. Secondarily, large numbers of nonspecific T cells and macrophages infiltrate the CNS and cause my elin damage. In photothrombosis the period be tween lesion induction and lymphocyte infiltration is too short for generation of a systemic, antigen specific immune response and CD4 + T cells are rarely found.
Upregulation of immune adhesion molecules such as ICAM-l plays an important role in lympho cyte recruitment in inflammatory diseases of the nervous system (Cannella et aI. , 1990; Sobel et aI. , 1990; Springer, 1990; Wilcox et aI. , 1990; Stoll et aI., 1993a) . These molecules are not induced in me chanical nerve lesions (Moneta et aI. , 1993; Stoll et aI. , 1993a) . Interestingly, in parallel to cellular in filtration, ICAM-l was expressed at early stages on vessels and from days 3 to 6 on infiltrating leuko cytes. Okada and colleagues (1994) found increased ICAM-I levels on vessels at 1 and 4 h but not 24 h after middle cerebral artery occlusion in the ba boon, while ICAM-l was still strongly expressed on vessels at day 1 in photothrombosis and after mid dle cerebral artery occlusion in the rat (Schroeter and Stoll, unpublished results). Species differences could account for this discrepancy. The local ex pression of ICAM-l and of MHC class I and II mol ecules further indicates a transient immune activa tion at the border zone of the infarct. ICAM-l may functionally be involved in the recruitment of T cells and macrophages to the ischemic lesion. For their interactions, T cells and macrophages depend on the presence of MHC class I or II molecules (Unanue and Allen, 1987) . The concomitant expres sion of MHC class I and II antigens at the site of ischemic brain injury facilitates a local immune re sponse.
Several mechanisms could trigger T cell infiltra tion in photothrombosis, which is characterized by an initial thrombotic event followed by thromboly sis and reperfusion. The thrombosis evolves from the production of small endothelial lesions that re sult from the photoperoxidation of luminal mem brane surface lipids (Watson et aI. , 1985) . Endothe lial damage, moreover, leads to increased perme ability of the blood-brain barrier and vasogenic edema, which appear to play an important role in tissue injury (Dietrich et aI., 1987a,b) . Lymphocyte recruitment could be a direct consequence of the thrombosis itself or of local changes in the endo thelium due to radical formation, or a response to the ischemic lesion. In their original description of this model, Watson and colleagues (1985) have shown that the thickness of the infarcted area greatly exceeds the penetration depth of the irradi ating light beam. The endothelial defect induced by photoperoxidation occurs only in vessels of the su perficial cortical layers. However, we found T cell infiltration throughout the infarct in areas probably not reached by the light beam. Therefore, it seems unlikely that the T cell response was due exclu sively to endothelial damage by photoperoxidation. In preliminary experiments we have observed a similar T cell response after occlusion of the middle cerebral artery in rats (Schroeter and Stoll, unpub lished observation), which suggests that lympho cytic infiltration is a general phenomenon in isch emia not unique to photothrombosis. Moreover, small T cell infiltrates have been briefly mentioned by Morioka and colleagues (1993) in an occlusion model of stroke in rats. It is important to note that in other "nonimmune" lesions with breakdown of the blood-brain barrier such as Wallerian degener ation of the optic nerve (Stoll et aI. , 1989) or spinal cord injury (Dusart and Schwab, 1994) , T cell infil tration has not been reported.
The composition of the lymphocytic infiltrate is of particular interest. Subtyping of lymphocytes re vealed that the number of CD8 + lymphocytes clearly outnumbered T cells stained with mab against CD5. These data were confirmed using two well-characterized mab to rat CD8 (Matsuura et aI. , 1984) . CD5 is an antigen expressed by all T cells but not by NK cells (Lawetzky et aI. , 1990) . In the rat CD8 is expressed on cytotoxic/suppressor T cells and NK cells but not macrophages (Lawetzky et aI. 1990; Hickey et aI. , 1992) . Therefore CD5 + /CD8 + lymphocytes are suppressor/cytotoxic T cells, while CD5 -/CD8 + cells most likely represent NK cells. The further characterization of CD5 -/CD8 + lymphocytes was hampered by the fact that no mono specific marker for rat NK cells is available (Chambers et aI. , 1989) . With mab 3. 2. 3, two prob lems arise: (i) It also reacts with polymorphonuclear granulocytes, and (ii) it recognizes an antigen that is expressed at variable levels in different NK subpop ulations (Chambers et aI. , 1992) . The lack of stain ing after photothrombosis with this mab can be in terpreted in two ways: CD5 -/CD8 + lymphocytes could represent a subpopulation of NK cells ex pressing the antigen of mab 3. 2. 3 below the detec tion level of immunocytochemistry or, alternatively and less likely, could represent a new, not yet de fined lymphocyte subpopulation. A similar compo sition of the cellular infiltrate with prolonged per sistence of CD5 -/CD8 + lymphocytes has been de scribed following intracerebral injection of IFNI' (Sethna and Lampson, 199 1) . NK cells are patho genic in guanethidine-induced neuronal degenera tion of the rat, where they infiltrate the superior cervical ganglion (Hickey et aI. , 1992) . After their systemic depletion, both neuronal degeneration and subsequent infiltration by other CD4 + and CD8 + cells and macrophages were abolished. NK cells can kill target cells rapidly by a non-MHC-re stricted and antigen-nonspecific mechanism. Thus, the presumable NK cells found in photo thrombosis could be important in mediating tissue damage early after infarction.
Macrophages are involved in the removal of de bris in many nonimmune and immune-mediated conditions in the nervous system (reviewed by Stoll and Hartung, 1992; Perry et aI., 1993) . Therefore their presence in photochemically induced isch emia, which has been described before (Watson et aI. , 1985; Myers et aI. , 199 1) , is not surpnsmg. However, it is of note that macrophage invasion occurred secondarily to T cell infiltration and that first the rim of the lesion was infiltrated, followed by a delayed invasion of the infarct. Since blood derived macrophages and activated local microglia are stained with mab EDI (Lassmann et aI. , 1993) and cannot be distinguished by other markers, both might contribute to the population of ED 1 + phago cytes after ischemia. Our study, furthermore, con firms that the glucose hypermetabolism within the marginal zone of the developing infarcts at 4 h after photothrombosis (Dietrich et aI. , 1986) cannot be attributed to infiltrating macrophages, in contrast to day 5, where they are regularly seen at the border zone.
What are the implications of lymphocytic infiltra tion and immune activation at the border zone? It was hypothesized that the perifocal tissue around an ischemic focus contains critically damaged but potentially viable cells (reviewed by Siesjo, 1991a) whose survival depends on secondary lesion mech anisms such as edema formation, compromised vas cular flow, and cytotoxic factors produced by in flammatory cells (Piani et aI. , 199 1; Lees, 1993) . Clear evidence of delayed neuronal death has been provided in transient global ischemia to the fore brain (Pulsinelli et aI. , 1982) and spinal cord (Giu lian and Robertson, 1990) . In the latter, Giulian and Robertson showed that inhibition of both phagocyt ic and secretory functions in mononuclear phago cytes reduced the amount of functional damage. Whether this also applies to photochemically in duced ischemia is unknown at present, since in this model the lesions are sharply demarcated. Blocking of lymphocyte-derived cytokines or interference with locally expressed cell adhesion molecules will help to elucidate the functional contribution of lym phocytic infiltration in this and other stroke models.
